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The Role of Ly49A and 5E6(Ly49C) Molecules
in Hybrid Resistance Mediated by Murine
Natural Killer Cells Against Normal T Cell Blasts
Yik Yeung Lawrence Yu,*§ Thaddeus George,* manifested in a phenomenon known as hybrid resis-
tance (HR). There are two unique features to HR. First,Jeffrey R. Dorfman,² Jacques Roland,³
an F1 hybrid between two H-2 disparate parents rejectsVinay Kumar,* and Michael Bennett*
the BMC graft from either parent. Second, the BMC*Department of Pathology
grafts from such F1 hybrids are accepted by both par-University of Texas
ents. In other words, the gene derived from either parentSouthwestern Medical Center
that confers the susceptibility of the parental BMC graftDallas, Texas 75235
to rejection is not expressed in the F1 hybrid. In addition²Department of Molecular and Cell Biology
to the murine species, a homologous system has beenUniversity of California at Berkeley
described for humans in which the susceptibility of TBerkeley, California 94720
cell lymphoblasts to lysis by cloned NK cells is linked³Unite d'Immunochimie Analytique
to HLA and is recessively inherited (Ciccone et al., 1990a,Departement d'Immunologie Institut Pasteur
1990b, 1992a, 1992b; Bellone et al., 1993; Colonna etCentre National de la Recherche Scientifique 359
al., 1993).UniversiteÂ Pierre et Marie Curie
There are at least three hypotheses that can account25 Rue du Docteur Roux
for HR that have been reviewed recently (Yu et al., 1992).75724 Paris Cedex 15
The ªmissing selfº hypothesis proposes that NK cellsFrance
have receptors that, upon recognition of certain self-
encoded class I antigenson the targets, receive an inhib-
itory signal (Ljunggren and KaÈ rre, 1990). Thus, a target
Summary
would be susceptible to lysis only if its class I antigens
fail to send an inhibitory signal to the NK cells. Because
We address the mechanism of hybrid resistance (HR) susceptibility is conferred by the absence of self-class
in vitro using NK effector cells and target lymphoblasts I antigens, which are dominantly inherited, it gives the
from H-2b, H-2d, and H-2b/d mice. The 5E6 (Ly49C)1 impression that the susceptibility trait is recessively in-
subset of F1 NK cells lyse BALB/c (H-2d) but not B6 herited. In support of the missing self hypothesis, Karl-
(H-2b) targets unless either anti-5E6 or anti-H-2Kb hofer et al. (1992) showed that C1498 (H-2b) tumor cells
MAbs are present. H-2Dd transgenic B6 (D8) targets lost their susceptibility to lysis by Ly49A1 B6 adherent
are not susceptible to F1 Ly49A1 effectors. Further- lymphokine activated killer cells after they had been
more, 5E61 Ly49A1 F1 effectors lyse B6 and BALB/c transfected with H-2Dd but not H-2Kd or H-2Ld. Further-
targets only in the presenceof anti-5E6and anti-Ly49A more, susceptibility of the C1498-Dd transfectants was
MAbs, respectively. Thus, recognition of H-2Kb by 5E6 restored by either A1 (anti-Ly49A) or anti-H-2Dd mono-
and H-2Dd by Ly49A transduce independent inhibitory clonal antibody (MAb). For historical reasons, the Ly49A
signals. Moreover, anti-5E6 MAbs enable 5E61 BALB/c receptor has simply been referred to as the Ly49 antigen
NK cells to lyse (BALB/c 3 B6)F1 targets. These data in the literature. However, for the sake of clarity, Ly49
support the ªmissing selfº and not the ªhemopoietic receptor will denote an undefined member of the Ly49
histocompatibility antigenº hypothesis for HR. In addi- receptor family in this report. These data indicate that
tion, 5E61 NK cells from BALB/c and BALB.B, but not the Ly49A molecule is a negative signaling receptor ca-
B6 or (BALB/c 3 B6)F1, mice receive negative signals pable of transducing an inhibitory signal to NK cells
from both H-2d and Kb class I antigens. Thus, allelic when it recognizes H-2Dd.
differences in 5E6 (C57BL versus BALB) may regulate The second hypothesis that can explain HR is the
recognition events by NK cells. ªhemopoietic histocompatibility (Hh) antigenº hypothe-
sis (Rembecki et al., 1987a, 1987b), which suggests that
NK cells have allospecific receptors capable of recog-Introduction
nizing foreign Hh antigens on the targets. In this case,
the recognition of non-self provides a positive signal forMurine natural killer (NK) cells have been shown to medi-
the NK cells to attack. This hypothesis postulates thatate acute rejection of bone marrow cell (BMC) grafts
this antigen is recessively inherited under some condi-(Murphy et al., 1987). The genetic rules governing the
tions and this accounts for the recessive inheritance ofsusceptibility or resistance of donor BMC grafts to NK
susceptibility of the targets. Finally, the target interfer-cell±mediated rejection are quite different from those
ence hypothesis suggests that NK cells recognize for-that govern T cell±mediated rejection. Thus, whereas
eign NK target structure on their targets and receive asusceptibility of BMC grafts to T cell±mediated rejection
positive signal to destroy (Storkus et al., 1989; Storkusis always dominantly inherited, the susceptibility of
and Dawson, 1991). It requires that the expression ofBMCs to NK cell±mediated rejection is often, though not
such target structures can be masked by certain classalways, recessively inherited (Cudkowicz and Bennett,
I antigens; hence the name, target interference.1971; Bennett et al., 1987). This recessive inheritance is
Recently, an in vitro cytolytic assay that mimics in
vivo HR was described (Chadwick and Miller, 1992;
Chadwick et al., 1992). The authors showed that the§Current address: Department of Genetics, Washington University
School of Medicine, St. Louis, Missouri 63110. effectors generated from an H-2b/d F1 donor could lyse
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concanavalin A (ConA) blasts of H-2b/b or H-2d/d donors.
Moreover, the effectors were shown to be FcR1 and
present in nude or scid mice. It was inferred that NK
cells mediated the in vitro HR. In this report, we describe
studies that confirm and extend those observations. In
particular, we isolated highly purified subsets of NK
cells. Our results are in concordance with the previous
finding that Ly49A is a negative signaling receptor that
recognizes H-2Dd. In addition, our data suggest that
5E6, a member of the Ly49 receptor family, transduces
a negative signal to NK cells upon recognition of class I
antigens. The particular allele of Ly49C (5E6), i.e., C57BL
versus BALB, determines to a large extent which class I
antigen (H-2Kb for B6, Kb and H-2d for BALB/c or BALB.B)
sends negative signals to 5E61 NK cells. Collectively,
these data provide strong support for the missing self
hypothesis to explain HR that can be detected in vitro,
and possibly in vivo. These allelic differences may help
Figure 1. Expression of Ly49A and 5E6 on NK Cellsexplain why mice differing in Ly49 genes also differ in
(NZB 3 B6) F1 spleen cells were cultured for 4 days, and werethe ability to perform HR in vitro and in vivo.
stained with PE-labeled anti-NK1.1, FITC-labeled anti-5E6, and bio-
tinylated JR9±318 MAb plus RED670-conjugated streptavidin. The
FACS profile of the triply stained cells gated on NK1.11 subsetResults
(5 40% of total) is shown.
Ly49A and 5E6 Molecules Define Two
Largely Nonoverlapping Subsets of NK Cells blasts (Figure 2B). Conversely, the Ly49A2 5E61 NK1.11
from an H-2b/d F1 Mouse cells lyse BALB/c but not B6 ConA blasts. Moreover,
The 5E61 and 5E62 subsets of NK cells from (NZB 3 the resistance of BALB/c and B6 ConA blasts to lysis
B6) (H-2b/d) F1 hybrid recipients reject H-2d/d and H-2b/b by these two subsets of NK cells is reversed by preincu-
BMC grafts, respectively (Sentman et al., 1989a). If the bating them with anti-Ly49A and anti-5E6 MAbs, respec-
missing self hypothesis is the correct explanation for tively. Such reversals can best be explainedby the MAbs
HR, then these 5E61 subsets of NK cells must receive blocking the inhibitory interaction via the Ly49A and 5E6
an inhibitory signal from H-2b but not from H-2d class I molecules on NK cells. In other words, Ly49A and 5E6
antigens. In other words, the 5E61 NK cells should ex- are inhibitory receptors for H-2d and H-2b, respectively.
press a negative signaling receptor for H-2b but not for This observation does not rule out the possibility that
H-2d class I antigens. Since we already knew that Ly49A the MAbs simply activate the NK cells giving rise to
to be a negative signaling receptor for an H-2d (H-2Dd nonspecific lysis. To address this possibility, we tested
to be exact) class I antigen on tumor cells, we therefore the lysis of B6 and BALB/c ConA blasts by Ly49A1 5E61
decided to examine the distribution of Ly49A and 5E6 NK1.11 cells in the presence or absence of either MAb.
molecules among the cultured NK1.11 cells of (NZB 3 The results are shown in Table 1. In the absence of any
B6) F1 donor. As shown in Figure 1, the anti-Ly49A and MAb, these double-positive NK cells fail to lyse either
anti-5E6 MAbs identify two subsets of NK1.11 cells from B6 or BALB/c ConA blasts. However, they lyse B6 ConA
this F1 hybrid. These two subsets overlap with each blasts in the presence of anti-5E6 but not anti-Ly49A
other slightly (<15%). According to the missing self hy- MAb. Conversely, the same NK cells lyse BALB/c ConA
pothesis, one would expect the Ly49A1 5E62 and blasts in the presence of anti-Ly49A but not anti-5E6
Ly49A2 5E61 subsets to mediate HR to H-2b and H-2d MAbs. Significantly, in the presence of the irrelevant
targets, respectively. This is indeed the case, as shown MAb, i.e., anti-Ly49A with B6 or anti-5E6 with BALB/c
in the next section. target cells, the resistance of the targets is unaffected.
This indicates that the MAbs are not exerting effects via
activation.Ly49A and 5E6 Molecules May Be Negative
Signaling Receptors for H-2d and H-2b Class I
Antigens on Normal Targets, Respectively Ly49A Is a Negative Signaling
Receptor for H-2DdTo validate the missing self hypothesis as an explanation
for HR, we tested whether the prediction that the lysis Previous data referred to above indicates that Ly49A on
the effectors binds H-2Dd on the targets, giving rise toof B6 (H-2b) and BALB/c (H-2d) ConA blasts would fall
primarily within the Ly49A1 5E62 and Ly49A2 5E61 sub- inhibition of lysis (Karlhofer et al., 1992). Both biochemi-
cal (Kane, 1994) and functional binding (Daniels et al.,sets, respectively, of (NZB 3 B6) F1 NK cells. Cultured
NK cells derived from (NZB 3 B6) F1 donors were sorted 1994a) studies support this binding specificity. How-
ever, we wished to demonstrate that Ly49A would actinto Ly49A1 5E62 NK1.11 and Ly49A2 5E61 NK1.11 sub-
sets. These subsets of NK cells were tested for their accordingly in our assay system. To this end, we per-
formed the experiment detailed in Table 2 in whichcytolytic activity against B6 or BALB/c ConA blasts. The
results shown in Figure 2 indicate that the Ly49A1 5E62 Ly49A1 5E62 NK1.11 (NZB 3 B6) F1 cells were tested
against B6 and D8 ConA blasts. D8 is a transgenicNK1.11 cells lyse B6 (Figure 2A) but not BALB/c ConA
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Because D8 targets only differ from B6 targets in the
expression of an additional H-2Dd molecule, their differ-
ential susceptibility to lysis by Ly49A1 5E62 NK1.11 cells
must be due to the interaction between Ly49A and
H-2Dd. This result is reminiscent of the aforementioned
experiment showing the failure of Ly49A1 B6 NK cells
to lyse the otherwise susceptible C1498 lymphoma cells
after transfection with H-2Dd.
5E6 Is a Negative Signaling Receptor
for H-2Kb
To map the gene for the class I antigen whose recogni-
tion by 5E6 leads to the elaboration of an inhibitory
signal, we tested the ability of 5E61 NK cells from
(NZB 3 B6) F1 mice to lyse targets from intra-H-2 recom-
binant mice whose H-2 is derived partly from H-2b and
partly from H-2d haplotypes. One informative recom-
binant is the B10.D2(R107) mouse, which expresses
H-2Kb, Dd, and Ld. If 5E6 recognizes H-2Kb, then one
would expect the 5E61 NK cells to be unable to lyse
B10.D2(R107) ConA blasts. As shown in Figure 3,
B10.D2(R107) ConA blasts are indeed resistant to lysis
by 5E61 NK cells unless anti-5E6 MAb is present. These
data provide circumstantial evidence that Kb is the anti-
gen recognized by 5E6. However, it does not rule out
the possibility that 5E6 also recognizes Db. To explore
this possibility, we tested whether either anti-H-2b (anti-
Kb or anti-Db) MAb would abrogate the resistance of B6
ConA blasts to lysis by 5E61 (BALB/c 3 B6) F1 NK
cells. The results are depicted in Figure 4. 5E61 NK1.11
(BALB/c 3 B6) F1 cells lyse BALB/c but not B6 targets.
Furthermore, in the presence of F(ab9)2 anti-Kb (but not
anti-Db) MAb, the resistance is abrogated. Based on the
genetic and antibody-blocking experiments, we con-
clude that 5E6 is an inhibitory receptor for Kb.
The Resistance of H-2b/d F1 Target Cells
to Parental NK Cells Is ReversibleFigure 2. Anti-SE6 and Anti-Ly49A Increase Lysis of B6 and BALB/c
One key postulate of the Hh hypothesis is that an H-2b/dTargets, Respectively
F1 target is null for the expression of parental antigens,The triply stained (NZB 3 B6) F1 (H-2b/d) cells shown in Figure 1
were sorted into Ly49A1 5E62 NK1.11 and Ly49A2 5E61 NK1.11 which thus explains its resistance to lysis by parental
subsets. The cells were tested against 51Cr-labeled B6 (H-2b) (A) or NK cells. This postulate calls for a recessive mode of
BALB/c (H-2d) (B) ConA blasts at the E:T ratios shown. Intact anti- inheritance (Rembecki et al., 1987a). The data presented
5E6 MAb or (Fab9)2 A1 MAb was used to preincubate the effectors so far can explain HR in the context of the missing selfwhere indicated at a final concentration of 200 mg/ml.
hypothesis without refuting the Hh hypothesis. To test
the validity of the Hh hypothesis further, we tested
the basis of resistance of H-2b/d F1 targets to lysismouse derived by the introduction of H-2Dd into B6
mouse (Bieberich et al., 1987). The data in Table 2 show by parental NK cells. As shown in Table 3, both 5E61
and 5E62 NK cells from BALB/c mice fail to lyse thethat the Ly49A1 5E62 NK1.11 cells lyse B6 but fail to
lyse D8 ConA blasts unless anti-Ly49A MAb is present. (BALB/c 3 B6) F1 ConA blasts. However, these targets
Table 1. Anti-Ly49A and Anti-5E6 MAbs Do Not Induce Nonspecific Activation or Redirected Lysisa
Mean 6 SEM Percent Specific Cytotoxicity
NK Cells Incubated with
Target ConA blasts No MAb Anti-5E6 MAb Anti-Ly49 MAb
B6 16.7 6 5.4 49.4 6 2.9 10.9 6 4.1
BALB/c 9.4 6 2.3 7.6 6 4.4 42.5 6 7.0
a Ly49A1 5E61 NK1.11 (NZB 3 B6) F1 (H-2b/d) effector cells were sorted essentially as described in Figure 2. They were preincubated with no
MAb, SW5E6 MAb, or A1 MAb at a final concentration of 200 mg/ml before being tested with 51Cr-labeled B6 (H-2b) or BALB/c (H-2d) target
ConA blasts at an E:T ratio of 5:1.
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Table 2. The Ly49A Receptor Recognizes H-2Dd Moleculesa
Mean 6 SEM Percent specific cytotoxicity
Target cell donor 2:1 4:1 6:1 E:T Ratio
B6 28.0 6 3.2 38.5 6 3.2 35.5 6 4.3
D8 21.2 6 0.9 0.7 6 0.3 4.8 6 2.2
D8 1 A1 MAb 12.5 6 1.5 15.1 6 1.5 23.6 6 1.6
a Sorted Ly49A1 5E62 NK1.11 (NZB 3 B6) F1 (H-2b/d) effector cells were generated as described in Figure 2, and were tested against B6
(H-2b) or D8 (H-2b 1 H-2Dd) target ConA blasts, the latter with or without preincubation with 200 mg/ml of A1 anti-Ly49A MAb.
become susceptible to lysis by the 5E61 BALB/c NK if their Ly49 receptors are masked. The data also indi-
cate that either 5E6 on B6 NK cells receive an inhibitorycells upon their preincubation with anti-5E6 MAb. This
observation suggests that the F1 target is not inherently signal from H-2d or that the signal is very weak.
null for the expression of target antigen(s) that trigger
lysis by NK cells. Rather, the F1 target is prevented from The 5E6 Receptors Expressed by BALB NK
Cells Recognize H-2b and H-2dbeing lysed by the parental NK cells by the presence
of inhibitory signal delivered by Ly49 receptors. Taken The data so far strongly supports the notion that 5E6 is
an inhibitory receptor for H-2Kb. However, BALB/c NKtogether, these observations indicate that it is not nec-
essary to hypothesize recessive inheritance of Hh anti- cells are known to express 5E6 and the question arises
as to what its function may be, because Kb should notgen to explain HR, at least in vitro and with respect to
the strain combinations employed in this study. be seen as self in this case. To address this issue, we
carried out the experiment depicted in Figure 6. In this
experiment, we obtained 5E61 NK cells from BALB/c5E6 Mediates the Missing Self Phenomenon
According to the missing self hypothesis, one function mice and tested their ability to lyse BALB.B (H-2b) and
BALB/c (H-2d) ConA blasts. As expected, BALB.B ConAof the Ly49 receptors is to prevent lysis of normal self-
cells by NK cells. If this is true, then one might expect the blasts are not lysed unless the 5E61 effectors are prein-
cubated with anti-5E6 MAb (Figure 6A). However, 5E615E61 NK cells derived from B6 donors to lyse syngeneic
targets upon blocking of the 5E6 receptor. A test of this BALB/c NK cells do not lyse syngeneic BALB/c ConA
blasts either (Figure 6A). This result is not too surprisingprediction is depicted in Figure 5. Thus, 5E61 B6 NK
cells lyse allogeneic BALB/c but not syngeneic B6 ConA because one would expect that all BALB/c NK cells,
including 5E61 cells, express one or more inhibitory re-blasts. However, F(ab9)2 anti-5E6 MAb abrogates the
resistance of the B6 targets to 5E61 B6 NK cells. Similar ceptors (other Ly49 molecules?) for self. The resistance
of BALB/c ConA blasts by 5E61 BALB/c NK cells is alsotreatment has a marginal effect on enhancing the lysis
of the already susceptible BALB/c ConA blasts. These abolished by preincubation with anti-5E6 MAb. These
observations imply that the 5E6 molecule expressed byresults indicate that NK cells are potentially autoreactive
Figure 4. 5E61 NK Cells of F1 Mice Recognize H-2Kb AntigensFigure 3. (Fab9)2 Anti-5E6 MAb Abrogates the Resistance of ConA
Blasts to Lysis by 5E61 NK Cells Nylon wool nonadherent (BALB/c 3 B6) F1 (H-2b/d) splenocytes were
cultured for 5 days, and were stained with PE-labeled anti-NK1.15E61 cells were sorted from (NZB x B6) F1 (H-2b/d) spleen cells
cultured for 4 days, as in Figure 2. The next day, the 5E61 NK MAb and biotinylated anti-5E6 MAb. They were subsequently sorted
into 5E61 NK1.11 or 5E62 NK1.11 subsets. These effectors werecells were tested against 51Cr-labeled B6 (H-2b), BALB/c (H-2d), or
B10.D2(R107) (KbIbSbDdLd) targets at the E:T ratios shown. Where tested 2 days later on 51Cr-labeled B6 ConA blasts at the E:T ratios
shown. Where indicated, (Fab9)2 anti-Kb or anti-Db MAb was usedindicated, the effector cells had been preincubated with (Fab9)2 anti-
5E6 MAb at a final concentration of 200 mg/ml. to preincubate the targets at a final concentration of 100 mg/ml.
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Table 3. Resistance of H-2b/d F1 Target Cells to Lysis by BALB/c NK Cells Is Reversiblea
Incubation Mean 6 SEM Percent specific cytotoxicity
BALB/c NK cells with anti-5E6? 15:1 30:1 E:T Ratio
5E61 No 5.6 6 3.3 6.2 6 0.7
5E61 Yes 19.2 6 2.9 21.8 6 1.2
5E62 No 6.0 6 2.4 7.4 6 0.6
a 5E61 and 5E62 BALB/c (H-2d) NK cells were generated as described in Figure 6, and were tested against labeled (BALB/c 3 B6) F1 (H-2b/d)
target cells at the indicated E:T ratios. A concentration of 75 mg/ml (Fab9)2 anti-5E6 MAb was used for the preincubation of 5E61 NK cells.
BALB/c NK cells is an inhibitory receptor, not only for BALB/c 5E61 NK cells, this lysis is significantly enhanced
by preincubation with anti-5E6 MAb (Figure 6B). ThisH-2Kb but also for an H-2d antigen. Moreover, many or
most 5E61 NK cells must not express other inhibitory observation contrasts sharply with the high susceptibil-
ity of BALB/c ConA blasts by the 5E61 B6 NK cells (seereceptors for H-2d, otherwise incubation with anti-5E6
MAbs would not have allowed lysis of syngeneic BALB/c Figure 5) which is only slightly enhanced by anti-5E6
lymphoblasts. It is difficult to reconcile this conclusion
with the observation that 5E61 NK cells from (NZB 3
B6) F1 mice lyse BALB/c ConA blasts in the absence
of anti-5E6 (see Figure 2B). If 5E6 receives a negative
signal from H-2d, then the 5E61 F1 NK cells should have
been inhibited from lysing the BALB/c ConA blasts. This
paradox may be accounted for by at least two explana-
tions: the BALB and B6 alleles of 5E6 are functionally
distinct, or the H-2 genotype (or other genetic difference
between B6 and BALB/c) may influence the functional
maturation of the 5E6 receptor. In an attempt to distin-
guish between these two possibilities, we studied the
5E61 NK cells from BALB.B (H-2b) mice, congenic with
BALB/c mice at H-2. The 5E61 BALB.B NK cells cannot
lyse syngeneic BALB.B ConA blasts unless the effectors
arepreincubated with anti-5E6 MAb (Figure6B). Further-
more, the 5E61 BALB.B NK cells only lyse the allogeneic
BALB/c ConA blasts to a modest degree and, like
Figure 6. The BALB-Encoded 5E6 Receptor Appears to be Inhibited
by Both H-2b and H-2d Class I AntigensFigure 5. 5E61 NK Cells Lyse Syngeneic B6 ConA Blasts in the
Presence of (Fab9)2 Anti-5E6 MAb In two separate experiments, nylon wool nonadherent BALB/c (H-
2d) (A) or BALB.B (H-2b) (B) splenocytes were cultured in IL-2 for 4Cultured nylon wool nonadherent B6 (H-2b) spleen cells were sorted
into the 5E61 subset. The following day, some of the 5E61 NK cells days before being sorted into 5E61 cells. The day following each
sort, the 5E61 NK cells of BALB/c (A) or BALB.B (B) mice were testedwere preincubated with (Fab9)2 anti-5E6 MAb (75 mg/ml). Labeled
B6 (H-2b) or BALB/c (H-2d) ConA blasts were incubated with 5E61 against labeled BALB.B and BALB/c ConA blasts with or without
preincubation with 75 mg/ml of (Fab9)2 anti-5E6 MAb at the E:T ratiosBALB/c effectors with or without preincubation with (Fab9)2 anti-5E6
MAb at the E:T ratios indicated. indicated.
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MAb preincubation. Thus, the 5E6 receptor from BALB.B
mice behaves similarly to that from BALB/c mice and
hence it appears that the products of the BALB- and
C57BL-encoded alleles of 5E6 differ functionally.
Discussion
In this report, we have addressed the cellular and molec-
ular basis of HR, a phenomenon that does not obey the
genetic laws of transplantation and that has evaded a
satisfactory explanation. Our results suggest that the
missing self hypothesis can adequately explain HR. Spe-
cifically, we have shown that susceptibility of H-2d tar-
gets to lysis by the Ly49A1 5E62 NK1.11 subset of H-2b/d
Figure 7. A Model to Explain Subset-Specific Lysis of H-2b and H-2dF1 NK cells is brought about by the blocking of the
Targets by H-2b/d F1 NK Cells with the Missing Self HypothesisLy49A receptor on the effector cells; H-2b targets that
NK cells have adhesion-type molecules by which they come intoare normally susceptible to lysis by Ly49A1 5E62 NK1.11
contact with all targets through the nonspecific ligand (NL) as indi-
H-2b/d F1 NK cells become resistant upon expressing an cated by the thick arrow. The NK cells from the H-2b/d F1 hybrid are
H-2Dd transgene; the otherwise resistant H-2b targets subdivided into 5E61 and Ly49A1 populations. 5E61 NK cells have
become susceptible to lysis by 5E61 H-2b/d F1 NK cells the H-2Kb receptor, and hence they do not reject B6 BMC. This is
because the interaction between the H-2b receptor on the 5E61 NKafter preincubation of the effectors with F(ab9)2 anti-5E6
cells and H-2b class I antigen on H-2b or H-2b/d F1 targets deliversMAb or the targets with F(ab9)2 anti-Kb MAb. These data
a negative signal (indicated by the thin arrow) to the NK cells, whichsuggest that Ly49A and 5E6 are negative signaling re-
prevents lysis or rejection from happening. No negative signal is
ceptors for Dd and Kb, respectively. However, we have sent when the 5E61 NK cells interact with the BALB/c targets be-
also observed that the 5E6 molecules derived from cause they do not express H-2b. As a result, lysis proceeds. Similar
C57BL and BALB strains differ in that the B6 5E6 mole- reasoning explains why Ly49A1 NK cells lyse H-2b targets but not
H-2d or H-2b/d F1 targets.cule recognizes Kb, while the BALB 5E6 recognizes Kb
and H-2d class I antigens. Such allelic differences with
respect to the class I ligand have not been reported for
other Ly49 receptors. Because the cDNA sequences of Ly49A2 5E62 do exist. The impact of Ly49A1 5E61 cells
on this model isminimal because they constitute a minorBALB and C57BL alleles of Ly49C are known (Stoneman
et al., 1995), there is a basis for defining the class I MHC proportion of F1 NK cells, and would be unable to lyse
either parental target as depicted in Table 1. The contri-binding specificity of Ly49C molecules.
Our data indicate that there are at least two subsets bution of the Ly49A2 5E62 NK cells to HR cannot be
easily defined. Some of those cells include the LGL-1of H-2b/d F1 NK cells defined by anti-Ly49A and anti-5E6
MAbs. These two subsets mediate resistance to H-2b (Ly49G2) NK cells that receive negative signals from Dd
and Ld, but not H-2b, class I antigens.and H-2d parental targets. Furthermore, the ability to
execute HR by either subset of NK cells rests more Many of the results supporting the missing self hy-
pothesis are derived from the in vitro cytotoxicity assayon what they do not express rather than what they do
express. Thus, for example, the expression of 5E6 is for HR, using 51Cr-labeled T lymphoblasts. If the in vitro
findings apply fully to BMC grafts, the missing self hy-neither necessary nor sufficient for the lysis of H-2d tar-
gets as evidenced by the ability of Ly49A1 5E62 NK pothesis can fully explain the HR phenomenon. How-
ever, one should interpret these findings with some de-cells, upon preincubation with anti-Ly49A MAb, to lyse
BALB/c ConA blasts (Figure 2B); and, also, the inability gree of caution, because recent studies suggest that
NK cell±mediated rejection of stem cells in marrowof Ly49A1 5E61 NK cells to lyse BALB/c ConA blasts
unless the NK cells have been preincubated with anti- grafts does not involve cytotoxicity (Baker et al., 1995;
Aguila and Weissman, 1995). One can argue that recog-Ly49A MAb (Table 1). Together with the observation that
unmanipulated Ly49A2 5E61 NK cells of (NZB 3 B6) F1 nition can be separated from effector function, and that
the precise mechanism of stem cell rejection could in-mice lyse BALB/c ConA blasts (Figure 2B), the results
suggest that the lack of functional expression of Ly49A, volve some distinct effector function of NK cells, e.g.,
secretion of cytokines that impair stem cell function,either through nonexpression or through blocking of the
expressed Ly49A with MAb, plays a more pivotal role survival, or both. It should also be noted that donor
marrow T cells as well as stem cells are required forin allowing the lysis of H-2d targets to occur. It must be
stressed that the anti-Ly49A or anti-5E6 MAbpreincuba- successful engraftment of parental-strain BMC grafts
(Murphy et al., 1990); moreover, T cell grafts can betions do not give rise to nonspecific lysis as shown in
Table 1. Collectively, our data supports a model de- rejected by NK or CD81 T cells of unimmunized lethally
irradiated mice (Davenport et al., 1995). It is thereforepicted in Figure 7, which delineates the mechanism of
HR using NK cells defined by the expression of Ly49A at least conceivable that HR detected in vitro mirrors
resistance to T cells and not to stem cells contained inor 5E6. The model has been somewhat simplified to
suggest that there are only two subsets of NK cells, BMC grafts. Nevertheless, HR is best explained by the
missing self hypothesis.the Ly49A1 and 5E61, even though these two subsets
constitute <40% of the (NZB 3 B6) F1 NK1.11 cells In this report, we have used both (NZB 3 B6)F1 mice
and (BALB/c 3 B6)F1 mice as our H-2b/d F1 donors.(Figure 1). Other subsets, such as Ly49A1 5E61 and
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However, a majority of our unpublished experiments number of genes (Lafuse et al., 1992) and some of these
were performed using the (NZB 3 B6)F1 donors. This genes may affect the glycosylation or peptide composi-
is because (BALB/c 3 B6)F1 mice display weak HR in tion of class I molecules. This, in turn, may be the reason
vivo to BALB/c and other H-2d grafts unless the BMC why the mapping data suggest that genes encoded in
suspensions lack T cells (Murphy et al., 1990). This the H-2-S/D interval influence BMC immunogenicity.
is mirrored by our consistent observation that (NZB 3 Although the data presented here can adequately ex-
B6) F1 NK cells display better cytolytic activity than plain the mechanism of HR in the context of the missing
(BALB/c 3 B6) F1 NK cells against B6 and BALB/c tar- self hypothesis, there are several examples of specific
gets in vitro (data not shown). Because there is no other allorecognition by NK cells that invoke positive signal-
significant difference between (NZB 3 B6)F1 and ing. Positive recognition of allogeneic class I antigens
(BALB/c 3 B6)F1 NK cells as the mediators of resistance by NK cells was originally observed in rats (Vaage et al.,
to BALB/c targets, we therefore use (NZB 3 B6)F1 and 1994). In mice, we have observed that three H-2D region-
(BALB/c 3 B6)F1 mice interchangeably and feel confi- encoded class I antigens, Dd, Ld, and possibly Dr, may
dent that data derived from either F1 donor is represen- be recognized positively by NK cells during the rejection
tative of the mechanism of HR to both H-2b and H-2d of allogeneic BMC grafts (Yu et al., 1994). It is possible
parental type targets. that positive signals override the inhibitory signals com-
Even though the missing self hypothesis adequately ing from self-class I antigens or that these class I anti-
explains HR, one may still wonder whether it is fully gens may be recognized by NK cells with positive rather
compatible with the genetics of the phenomenon. than negative signaling Ly49 receptors. In the human
Among these are earlier mapping data (Rembecki et system, negative (p58) and positive (p50) signaling NK
al., 1987a, 1987b, 1988), which appear to indicate that cell receptors for the same class I molecues have been
genes at the H-2-S/D interval determine the susceptibil- described (Moretta et al., 1995). Thus, depending on the
ity of the target. A specific example of note is one that combination of donors and hosts used, sometimes the
places the gene(s) controlling the susceptibility of H-2b H-2D region-encoded class I antigens appear to control
BMC grafts to rejection by H-2b/d F1 recipients to the D the BMC immunogenicity. Furthermore, HR is also noted
end of the H-2b haplotype by using intra-H-2 recombi- in this system, which is difficult to explain on the basis
nant mice. This would seem at odds with our conclusion of the missing self hypothesis.
that recognition of H-2Kb is involved in HR to H-2b tar- It has been shown that 5E6 (Ly49C) binds to H-2b,
gets. The earlier genetic mapping is based on the as- H-2d, H-2k, and H-2s class I antigens by a cell adhesion
sumption that recognition of allogeneic Hh antigens is assay (Brennan et al., 1994). In keeping with this, our
responsible for NK cell±mediated HR to BMC grafts. data suggests that the 5E6 receptor of BALB/c origin
Thus, B10 (KbDb) and B10.D2(R103) (Kd/Db) but not receives an inhibitory signal by recognizing H-2b as well
B10.D2(R107) (Kb/Dd Ld) BMC grafts are rejected by
as an H-2d class I antigen (Figure 6). In fact, a more
(B6 3 DBA/2) (H-2b/d) F1 recipients. This data was inter-
recent investigation showed that the BALB/c are CBA
preted to suggest that Hhb mapped to the H-2D region.
5E6 molecule bound Kb, Dd, and Kd (F. Takei, personal
Genetic mapping is possible in this case because the
communication). However, these findings are obviouslysusceptibility of the target is determined by what it pur-
at variance with the high susceptibility of BALB/c ConAportedly expresses. In contrast, as examined here in
blasts to lysis by unmanipulated (NZB 3 B6) F1 NK cellsthis report, the susceptibility of the target to lysis is
(Figure 2B), which would suggest that their 5E61 NKcontrolled by what it fails to express, i.e., the class I
cells cannot be inhibited by H-2d. This paradox can beantigen. It is thus impossible to map the susceptibility
resolved by the recently described evidence for allelictrait in the context of the missing self hypothesis. How-
exclusion of Ly49 genes (Held et al., 1995). It has beenever, the opposite trait, namely the resistance of target
shown that in any given 5E61 cell of (B6 3 129) F1 micecell to lysis, can be mapped. In this regard, the afore-
only one transcript of the two 5E6 alleles (B6 or 129) ismentioned data with intra-H-2 recombinants can be
expressed. Similar observation has been made of Ly49Areinterpreted to imply that every NK cell of the
in (BALB/c 3 B6) F1 NK cells. Thus, in (NZB 3 B6) F1(B6 3 DBA/2) F1 host must be inhibited by one of the
or (BALB/c 3 B6) F1 mice, we expect that at least halfthree class I antigens expressed by the resistant
of the 5E61 cells express the B6 allele of 5E6 that doesB10.D2(R107) BMC, namely, H-2Kb, Dd, or Ld. On the
not recognize H-2d, as shown here. This subset of 5E61other hand, the susceptibility of the B10.D2(R103) BMC
NK cells is able to lyse H-2d targets without any antibodyis not as easily mapped, because it means that at least
blocking.one subset of the (B6 3 DBA/2) F1 NK cells fails to
While allelic exclusion helps explain the high suscept-be inhibited by either H-2Kd or H-2Db. Another level of
bility of H-2d targets to unmanipulated 5E61 H-2b/d F1complexity in the interpretation of previous mapping
NK cells, it cannot explain a likely predominance of 5E61data stems from a lack of understanding as to how the
H-2b/d F1 NK expressing the B6 allele of 5E6. This pre-interaction between Ly49 receptor and class I antigen
dominance is inferred from the marginal enhancementis influenced by factors such as the levelof glycosylation
of lysis of BALB/c ConA blasts by 5E61 (NZB 3 B6) F1or peptide composition of the class I antigen. Although
NK cells (Figure 3) or 5E61 (C.B-17 3 B6) F1 scidit has not been determined how peptide composition
NK cells (unpublished data) after preincubation withinfluences the ability of class Iantigens tosend inhibitory
anti-5E6 MAb. If equal numbers of 5E61 NK cells fromsignals to murine and human NK cells (Correa and
(C.B-17 3 B6) F1 scid donors express either allele ofRaulet, 1995; Malnati et al., 1995), it has been suggested
5E6, then the lysis of BALB/c ConA blasts should havethat the sugar moieties of class I antigens are involved
been significantly enhanced by preincubation with anti-(Daniels et al., 1994b). These considerations are note-
worthy because the H-2-S/D interval encodes quite a 5E6 MAb, because half of these 5E61 NK cells would
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Purification and Modification of MAbbe relieved of the inhibition to lyse H-2d targets. We
The anti-5E6 and A1 (anti-Ly49A) MAbs were isolated from the cul-do not know how the 5E6 allele from NZB mice
ture supernatantof the SW5E6 (Sentmanet al., 1989a) and A1 (Naga-behaves functionally, but we do know that the 5E6 allele sawa et al., 1987) hybridomas, respectively. The JR9±318 MAb was
of C.B-17 scid mice, a BALB/c immunoglobulin H con- independently derived by one of us from STF mouse (Roland and
genic strain, behaves identically to that of the BALB/c Cazenave, 1992) and it recognizes a different epitope of Ly49A. The
anti-H-2Kb MAb was derived from hybridoma B8-24-3 purchasedmice in terms of function. We have also made an inde-
from American Type Culture Collection (Rockville, Maryland, catalogpendent observation that is consistent with the predomi-
number TIB 139). The anti-H-2Db MAb was derived from hybridomanance of the B6 5E6 allele over the BALB/c 5E6 allele
B22-249 (Lemke and HaÈ mmerling, 1979), a gift from Dr. D. Raulet.
among the (BALB/c 3 B6) F1 NK cells. Immunoprecipita- Except for biotinylated JR9-318 MAbs, all other antibodies used in
tion studies reveal that there is a dimorphism in the flow cytometry were obtained from Pharmingen (San Diego, Califor-
glycosylation pattern of the 5E6 molecules derived from nia). The supernatants of the hybridomas were precipitated by 45%
ammonium sulfate. The precipitates were resuspended in phos-B6 versus BALB/c NK cells. However, only the B6 form
phate-buffered saline at one-tenth of the original volume of superna-of 5E6 glycosylation was detected in (BALB/c 3 B6) F1
tants and were further purified by affinity chromatography usingNK cells (Stoneman et al., 1995). These indirect observa-
protein A±Sepharose 4 Fast Flow (Pharmacia LKB Biotechnology,
tions cannot be verified further until MAbs that can dis- Incorporated, Piscataway, New Jersey) according to the instructions
tinguish between these two alleles of 5E6 are available. of the manufacturer. For (Fab9)2 fragment generation, the affinity
purified anti-5E6 and A1 MAbs were dialyzed overnight against 0.2Nevertheless, we feel that these two independent obser-
M sodium acetate buffer (pH 4.2). The affinity-purified anti-H-2Kbvations strongly suggest that among the 5E61 NK cells
andanti-H-2Db MAbs were dialyzed overnightagainst 0.02M sodiumof (BALB/c 3 B6)F1 mice, cells that express the B6
acetate buffer (pH 4.0). All dialyzed antibodies were adjusted to 1±2
allele (and not the BALB/c allele) outnumber those that mg/ml buffer. The MAbs weredigested with pepsin (Sigma Chemical
express the BALB/c allele. Corporation., St. Louis, Missouri) at 378C for 4±5 hr (anti-5E6), 3 hr
One may ask, why is there a potential bias for the NK (A1), 12 hr (anti-H-2Db) with the enzyme/antibody ratio being 1:20,
and 18 hr (anti-H-2Kb) with the enzyme/antibody ratio being 1:100.cells of (BALB/c 3 B6) F1 mice to express the B6 instead
Undigested antibody was removed by protein G±Sepharose affinityof the BALB/c 5E6 allele? It may be speculated that
column for anti-5E6, A1, or anti-H-2Db or Sephacryl 200 columnduring development, those 5E61 (BALB/c 3 B6) F1 NK
(Pharmacia LKBBiotechnology, Incorporated, Piscataway, New Jer-
cells recognizing only H-2Kb instead of both H-2Kb and sey) for H-2Kb. Purity of each preparation was checked by 10%
H-2d are selected. Such a scheme may, at first glance, SDS±PAGE.
seem counterintuitive to the missing self hypothesis.
Generation of EffectorsThis is because, to minimize autoreactivity, it would be
Effectors were generated as described (Chadwick and Miller, 1992).logical for the host to select for an NK cell recognizing
In brief, red blood cells were removed from aseptically preparedas many self-class I antigens as possible, i.e., the NK
splenocytes by resuspending in 5 ml of Tris±HCl solution (0.15 M
cell expressing the BALB/c allele of 5E6 in this case.This MH4Cl, 0.02 M Tris [pH 7.2]) for 5 min at room temperature. To enrich
logic assumes that the sole purpose of Ly49 receptors is for NK cells when indicated, the splenocytes were first passed over
to prevent NK cell±mediated autoreactivity. However, a prewarmed and prewetted nylon wool column and incubated at
378C for 1 hr. The nylon wool nonadherent spleen cells were used.as originally suggested by Ljunggren and KaÈ rre (1990),
After washing once, the cells were resuspended at 2 3 106/ml inthe purpose of such inhibitory receptors is to comple-
completeDMEM medium (10%fetal calfserum, 100U/ml streptomy-ment T cell±mediated immunity by rendering NK cells
cin, 1 mM sodium pyruvate, 2mM glutamine, 0.1 mM nonessential
capable of eliminating autologous cells whose class I amino acids and 2.25 3 1025 M 2-ME) and supplemented with 500
antigen expression has been perturbed either quantita- U/ml recombinant human interleukin-2 (IL-2) (Cetus Corporation,
tively or qualitatively. Under this condition, the host may Emeryville, California). They were cultured either in T25 flasks (10
ml per flask) or 24-well plate (2 ml per well) at 378C and 10% CO2/select for an NK cell capable of recognizing only one
air atmosphere for 96 hr.self-class I antigen, i.e., the NK cell expressing the B6
allele of 5E6 in this case. This NK cell would be more
Preparation of Targets
responsive to perturbations because alteration in just Splenocytes prepared as described above were resuspended at
one self-class I antigen will trigger a response. On the 3±5 3 106/ml in complete RPMI 1640 together with 3 mg/ml of ConA
other hand, the NK cell expressing the BALB/c allele of (Sigma Chemical Corporation, St. Louis, Missouri). The cells were
cultured in 24-well plate at 378C and 5% CO2/air atmosphere for5E6 would still be inhibited and thus unable to respond
36±48 hr. At the end of culture, the ConA blasts were recovered,when the expression of one of the class I antigens it
washed once, and resuspended in 2 ml of complete RPMI 1640.
recognizes is altered. Further experiments are needed The cells were layered onto 4 ml of Ficoll±Hypaque solution (Phar-
to test this hypothesis. These putative allelic differences macia LKB Biotechnology, Incorporated, Piscataway, New Jersey)
in function and structure of Ly49C molecules may be and centrifuged at 1,300 3 g for 20 min at room temperature with
the brake off. Viable ConA blasts recovered from the buffy coatthe mechanism of genetic resistance to BMC grafts by
were washed once in complete RPMI 1640 before radiolabeling.irradiated mice, the major gene of which maps at or
near the NK-RP1/Ly49 gene region on chromosome 6
Cell Sorting
(Sentman et al., 1989b). Cells to be stained were washed and resuspended at 20 3 106/ml
of phosphate-buffered saline with 1% bovine serum albumin and
all incubations were done on ice. The FcR of cells to be stained
Experimental Procedures were blocked by incubation with anti-FcRgIII (2.4G2) MAb (Unkeless,
1979) at a final concentration of 10 mg/ml for 10±15 min before
Mice incubation with MAbs of interest. Cultured effectors were incubated
All mice were bred and maintained in the Microbiology Colony at with the followingMAbs for 25 min: 20 mg/ml of fluorescein isothiocy-
University of Texas Southwestern Medical Center. The female parent anate (FITC)-labeled anti-5E6 MAb or biotinylated anti-5E6 MAb, 10
mg/ml of FITC-labeled A1, 2 mg/ml of phycoerythrin (PE)-labeledwas denoted first in all F1 hybrids generated.
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anti-NK1.1 MAb (Koo and Peppard, 1984), 1 mg/ml of biotinylated Chadwick, B.S., and Miller, R.G. (1992). Hybrid resistance in vitro:
possible role of both class MHC and self peptides in determiningJR9±318 MAb. Cell suspensions incubated with biotinylated MAbs
were washed once and resuspended in the same volume of phos- the level of target cell sensitivity. J. Immunol. 148, 2307±2313.
phate-buffered saline with 1% bovine serum albumin. They were Chadwick, B.S., Sambhara, S.R., Sasakur, Y., and Miller, R.G. (1992).
then stained with R-PE-conjugated streptavidin (BioSource Interna- Effect of class I MHC binding peptides on recognition by natural
tional, Camarillo, California) at 5 mg/ml or RED670-conjugated strep- killer cells. J. Immunol. 149, 3150±3156.
tavidin (Life Technologies, Incorporated, Gaithersburg, Maryland) at
Ciccone, E., Colonna, M., Viale, O., Pende, D., DiDonato, C., Rein-2.5 mg/ml. Cells of lymphocyte size by forward and side scatter
harz, D., Amoroso, A., Jeannet, M., Guardiola, J., Moretta, A., Spies,were gated., Stained cells were sorted by the FACStar Plus (Becton
T., Strominger, J., and Moretta, L. (1990a). Susceptibility or resis-Dickinson, Mountain View, California). Depending on the number of
tance to lysis by alloreative natural killer cells is governed by acells recovered, sorted and unsorted cells were resuspended either
gene in the human major histocompability complex between BF andat 2 3 106/ml and incubated in T25 flasks or at 5 3 105/ml and
HLA-B. Proc. Natl. Acad. Sci. USA 87, 9794±9797.incubated in U-bottomed 96-well plates at 105 cells/well. All cells
Ciccone, E., Pende, D., Viale, O., Tambussi, G., Ferrini, S., Biassoni,were incubated overnight at 10% CO2/air atmosphere in complete
R., Longo, A., Guardiola, J., Moretta, A., and Moretta, L. (1990b).DMEM with 500 U/ml IL-2.
Specific recognition of human CD32CD161 natural killer cells re-
quires the expression of an autosomic recessive gene on targetCytotoxicity Assay
cells. J. Exp. Med. 172, 47±52.Targets cells (1±1.5 3 106) were radiolabeled with 100±150 mCi of
sodium chromate (51Cr) (Amersham Life Science Corporation, Arling- Ciccone, E., Pende, D., Viale, O., DiDonato, C., Tripodi, G., Orengo,
ton Heights, Illinois) in a final volume of 0.5 ml for 2 hr at 378C. A.M., Guardiola, J., Moretta, A., and Moretta, L. (1992a). Evidence
Radiolabeled cells were washed twice and diluted to 1,000 per 100 of a natural killer (NK) cell repertoire for (allo)antigen recognition:
ml of complete RPMI 1640. Effectors at various E:T ratios and a final definition of five distinct NK-determined allospecificities in humans.
volume of 100 ml were added to the wells of a U-bottomed 96-well J. Exp. Med. 175,709±718.
plate. An identical volume of radiolabeled targets were added to Ciccone, E., Pende, D., Viale, O., Than, A., DiDonato, C., Orengo,
each well. The incubations were done in triplicates, unless otherwise A.M., Biassoni, R., Verdiani, S., Amoroso, A., Moretta, A., and Moret-
noted, at 378C and 5% CO2/air atmosphere. Preincubation of ef- ta, L. (1992b). Involvement of HLA class I alleles in natural killer (NK)
fectors with anti-5E6 or A1 MAbs was done at 378C for 30±60 min, cell specific functions: expression of HLA-Cw3 confers selective
while preincubation of targets with anti-H-2Kb or anti-H-2Db MAb protection from lysis by alloreactive NK clone displaying a defined
was done on ice for about 15 min. After a 4 hr incubation, the mixture specificity (specificity 2). J. Exp. Med 176, 963±971.
was centrifuged and 100 ml of supernatant was removed and the
Colonna, M., Brooks, E.G., Falco, M., Ferrara, G.B., and Strominger,51Cr release was counted in a liquid scintillation counter. Specific
J. (1993). Generation of allospecific natural killer cells by stimulationlysis was expressed as the mean 6 SEM and calculated as follows:
across a polymorphism of HLA-C. Science 260, 1121±1124.percent specific lysis 5 51Cr, cpm, (ER 2 SR)/(MR 2 SR) 3 100,
Correa, I., and Raulet, D.H. (1995). Binding of diverse peptides ofwhere ER is the experimental 51Cr release in the presence of effectors,
MHC class I molecules inhibits target cell lysis by activated naturalSR is the spontaneous 51Cr release in the presence of medium,
killer cells. Immunity 2, 61±71.and MR is the maximum 51Cr release in the presence of 0.5%
Triton-X 100. Cudkowicz, G., and Bennett., M. (1971). Peculiar immunobiology of
bone marrow allografts. II. Rejection of parental grafts by F1 hybrid
Acknowledgments mice. J. Exp. Med. 135, 1513±1528.
Daniels, B.F., Karlhofer, F.M., Seaman, W.E., and Yokoyama, W.M.
The authors wish to thank Dr. J. Allison for providing the A1 hybrid- (1994a). A natural killer cell receptor specific for a major histocom-
oma, P. Collins and J. Bass for expert flow cytometry assistance, patibility complex class I molecule. J. Exp. Med. 180, 687±692.
and S. PenÄ a and M. PenÄ a for excellent breeding and maintenance
Daniels, B.F., Nakamura, M.C., Rosen, S.D., Yokoyama, W.M., andof mice. This work was suported by grants CA36921, CA36922,
Seaman, W.E. (1994b). Ly49A, a receptor for H-2Dd, has a functionalAI20451, and CA09082 from the National Institutes of Health.
carbohydrate recognition domain. Immunity 1, 785±792.
Davenport, C., Haile, A., Kumar, V., and Bennett, M. (1995). HybridReceived January 31, 1995; revised November 16, 1995.
and allogeneic resistance to T cell grafts mediated by murine NK
and CD81 T cells. J. Immunol. 154, 2568±2577.References
Held, W., Roland, J., and Raulet, D.H. (1995). Allelic exclusion of
Aguila, H.L., and Weissman, I.L. (1995). Mouse hematopoietic stem Ly49-family genes encoding class I MHC-specific receptors on NK
cells (HSC) are not direct targets of NK cells. Int. Cong. Immunol. cells. Nature 376, 355±358.
9 [summary 2825], 477.
Kane, K.P. (1994). Ly-49 mediates EL-4 lymphoma adhesion to iso-
Baker, M., Podack, E.R., and Levy, R.B. (1995). Perforin and Fas lated class I major histocompatability complex molecules. J. Exp.
mediated cytotoxic pathways are not required for allogeneic resis- Med. 179, 1011±1015.
tance to bone marrow grafts in mice. Biol. Blood Marrow Transplant.,
Karlhofer, F.M., Ribaudo, R.K., and Yokoyama, W.M. (1992). MHCin press.
class I alloantigen specificity of Ly491 IL-2 activated natural killer
Bellone, G., Valiante, M.N., Viale, O., Ciccone, E., Moretta, L., and cells. Nature 358, 66±70.
Trinchieri, G. (1993). Regulation of hematopoiesis in vitro by allore-
Koo, G.C., and Peppard, J.R. (1984). Establishment of monoclonalactive natural killer cells clones. J. Exp. Med. 177, 1117±1125.
anti-NK1.1 antibody. Hybridoma 3, 301±303.
Bennett, M., Kumar, V., Mikhael, A., Murphy, W.J., Rembecki, R.M.,
Lafuse, W.P., Lanning, D., Spies, T., and David, C.S. (1992). PFGESentman, C.L., and David, C.S. (1987). Rejection of bone marrow
mapping and RFLP analysis of the S/D region of the mouse H-2cells by irradiated mice: NK and T cells recognize different antigens.
complex. Immunogenetics 36, 110±116.Transplant. Proc. 19, 5±11.
Lemke, H., and HaÈ mmerling, G.J. (1979). Fine specificity analysisBieberich, C., Yoshioka, T., Tanaka, K., Jay, G., and Sangos, G.
with monoclonal antibodies for antigens controlled by major histo-(1987). Functional expression of a heterologous major histocompati-
compatibility complex and by the Qa/TL region of mice. Immunol.bility complex class I gene in transgenic mice. Mol. Cell. Biol. 7,
Rev. 47, 175±206.4003±4009.
Ljunggren, H.G., and KaÈ rre, K. (1990). In search of the ªmissingBrennan, J., Mager, D., Jeffries, W., and Takei, F. (1994). Expression
selfº: MHC molecules and NK cell recognition. Immunol. Today 11,of different members of the Ly-49 gene family defines distinct natural
237±244.killer cell subsets and cell adhesion properties. J. Exp. Med. 180,
2287±2295. Malnati, M.S., Peruzzi, M., Parker, K.C., Biddison, W.E., Ciccone,
Immunity
76
E., Moretta, A., and Long, E. (1995). Peptide specificity in the recog-
nition of MHC class I by natural killer cell clones. Science 267,
1016±1018.
Moretta, A., Sivori, S., Vitale, M., Pende, D., Morelli, L., Auguglaro,
R., Botino, C., and Moretta, L. (1995). Existence of both inhibitory
(p58) and activatory (p50) receptors for HLA-C molecules in human
natural killer cells. J. Exp. Med. 182, 875±884.
Murphy, W.J., Kumar, V., and Bennett, M. (1987). Rejection of bone
marrow grafts by mice with severe combined immune deficiency
(SCID): evidence that NK cells can mediate the specificity of marrow
graft rejection. J. Exp. Med. 165, 1212±1217.
Murphy, W.J., Cope, J.C., Kumar, V., and Bennett, M. (1990). An
absence of T cells in murine bone marrow allografts leads to an
increased susceptibility to rejection by natural killer cells and T cells.
J. Immunol. 144, 3305±3311.
Nagasawa, R., Gross, J., Kanagawa, O., Towsend, K., Lanier, L.L.,
Chiller, J., and Allison, J.P. (1987). Identification of a novel T cell
surface disulfide-bonded dimer distinct from the a/b antigen recep-
tor. J. Immunol. 138, 815±824.
Rembecki, R.M., Bennett, M., Kumar, V., and David, C.S. (1987a).
Hemopoietic histocompatibility (Hh-1) antigens: polymorphism and
mapping. In H-2 Antigens, C.S. David, ed. (New York: Plenum Pub-
lishing Corporation), pp. 103.
Rembecki, R.M., Bennett, M., Kumar, V., and Potter, T.A. (1987b).
Expression of hemopoietic histocompatibility antigens on H-2 loss
variants of F1 hybrid lymphoma cells: evidence consistent with
transgene regulation. J. Immunol. 138, 2734±2738.
Rembecki, R.M., Kumar, V., David, C.S., and Bennett, M. (1988).
Bone marrow transplants involving intra-H-2 recombinant inbred
mice strains: evidence that hemopoietic histocompatibility-1 (Hh-1)
genes are distinct from H-2D or H-2L. J. Immunol. 141, 2253±2260.
Roland, J., and Cazenave, P.A. (1992). Ly-49 antigen defines an ab
TCR population of i-IEL with an extrathymic maturation. Int. Immu-
nol. 4, 699±706.
Sentman, C.L., Hackett, J., Kumar, V., and Bennett, M. (1989a). H-2/
Hh-1 specific subsets of murine natural killer cells mediate rejection
of bone marrow grafts. J. Exp. Med. 170, 191±202.
Sentman, C.L., Kumar, V., Koo, G., and Bennett, M. (1989b). Effector
cell expression of NK1.1, a murine natural killer cell specific mole-
cule, andability of mice to reject bone marrow allografts. J. Immunol.
142, 1847±1853.
Stoneman, E.R., Bennett, M., An, J., Chestnut, K.A., Wakeland, E.K.,
Scheerer, J.B., Siciliano, M., Kumar, V., and Mathew, P.A. (1995).
Cloning and characterization of 5E6 (Ly-49C), a receptor molecule
expressed on a subset of murine natural killer cells. J. Exp. Med.
182, 305±313.
Storkus, W.J., and Dawson, J. (1991). Target structures involved
in natural killing (NK): characteristics, distribution, and candidate
molecules. CRC Crit. Rev. Immunol. 10, 393±416.
Storkus, W.J., Alexander, J., Payne, A., Dawson, J., and Cresswell,
P. (1989). Reversal of natural killer susceptibility in targets cells
expressing transfected class I HLA genes. Proc. Natl. Acad. Sci.
USA 86, 2361±2364.
Unkeless, J.C. (1979). Characterization of a monoclonal antibody
directed against mouse macrophage and lymphocyte Fc receptors.
J. Exp. Med. 150, 580±596.
Vaage, J.T., Naper, C., Lovik, G., Lambracht, D., Rehm, A., Hedrich,
H.J., Wonigeit, K., and Rolstad, B. (1994). Control of rat natural killer
cell±mediated allorecognition by a major histocompatibility region
encoding nonclassical class I antigens. J. Exp. Med. 180, 641±651.
Yu, Y.Y.L., Kumar, V., and Bennett, M. (1992). Murine natural killer
cells and marrow graft rejection. Annu. Rev. Immunol. 10, 189±213.
Yu, Y.Y.L., Forman, J., Aldrich, C., Blazar, B., Flaherty, L., Kumar,
V., and Bennett, M. (1994). Natural killer cells recognize common
antigenic motifs shared by H-2Dd, H-2Ld and possibly H-2Dr mole-
cules expressed on bone marrow cells. Int. J. Immunol. 6, 1297±
1306.
